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Previous climate model simulations of the early Last Interglacial (LIG) underestimated the temperatures
compared to proxy-based reconstructions. One possible reason for this underestimation is that in these
simulations the vegetation was prescribed to a pre-industrial state. To study the impact of climate-
vegetation interactions, we performed a series of model experiments using the iLOVECLIM climate
model, in which either VECODE or LPJ-GUESS was coupled as vegetation component. We specifically
assessed the evolution of vegetation during the LIG and the magnitude of dynamical vegetation feed-
backs. Our results show a relatively high vegetation cover (>70%) in the Sahara during the early LIG when
the summer insolation at 20N was high. This early stage is followed by an accelerated desertification
phase after 123 ka BP. The rates of desertification in the Sahara peak at 122 ka BP, responding to the fast
decline in 20N July insolation. This desertification is accelerated when the magnitude of positive
vegetation feedbacks on precipitation cannot offset the moisture deficit due to decreased summer
insolation.
Simulations including the LIG vegetation feedback suggest warmer conditions than simulations with
prescribed pre-industrial vegetation, but they still slightly underestimate the temperature suggested by
proxy records. This is particularly the case in the high latitude regions and the tropics, where the 125 ka
BP vegetation cover is significantly higher than the pre-industrial state. The magnitude of vegetation
feedbacks in North Africa to local climate peaks in the early LIG and decreases during the LIG, corre-
sponding to temporal vegetation changes. During the early LIG, experiments with dynamical vegetation
suggested a doubling in the amount of precipitation (~60 cm/yr) in comparison to experiments with
fixed pre-industrial vegetation. In addition, adding dynamical vegetation causes higher surface tem-
peratures by about 2.5 C in North Africa. At a global scale, a vegetated Sahara during the early LIG leads
to an increase in surface temperature and a decline in surface air pressure due to local feedbacks, thereby
enhancing mid-latitude westerlies as a result of increased latitudinal temperature and pressure gradient,
leading to an increase in the amount of heat transported by the atmosphere from tropical regions to the
Arctic. This green Sahara feedback provides 30% of the total contribution of global vegetation feedbacks
to high latitudes warming.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
The last interglacial (LIG, ~130e116 ka BP) is characterized by
about 2 C higher global mean temperature (Turney and Jones,cience, Nantong University,2010) and higher sea level relative to pre-industrial conditions. At
about 124 ka BP, this higher sea level reached amaximumofþ6.6m
with 95% probability and þ8.0 m with 67% probability (Kopp et al.,
2009). The magnitude of this LIG climate warming and high sea
level condition is comparable to the range of predicted future cli-
mates (Otto-Bliesner et al., 2017). Compared to the current inter-
glacial (the Holocene), the LIG experienced stronger insolation
changes (Berger, 1978), but had similar greenhouse gas (GHG)
concentrations and continental configurations. These stronger
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Northern Hemisphere (NH), giving rise to warmer summers and a
significant enhancement of the NH monsoons during the LIG (Hely
et al., 2014; Lezine et al., 2011; Saraswat et al., 2013; Tierney et al.,
2017). Knowledge of the LIG climate thus provides valuable insights
on the responses of the climate system under relatively “warm”
forcing conditions. The LIG climate is therefore of interest to the
Paleoclimate Modeling Intercomparison Project (PMIP, Otto-
Bliesner et al., 2017) and has been studied extensively in both re-
constructions (Andersen et al., 2004; CAPE Last Interglacial Project
Members, 2006; Turney and Jones, 2010; McKay et al., 2011) and
simulations (Schurgers et al., 2006, 2007; Gr€oger et al., 2007;
Fischer and Jungclaus, 2010; Govin et al., 2012; Lunt et al., 2013;
Nikolova et al., 2013; Otto-Bliesner et al., 2013; Bakker et al., 2013,
2014; Langebroek and Nisancioglu, 2014; Pedersen et al., 2017).
However, PMIP3 simulations underestimated the proxy-based
reconstructed LIG temperature response. For example, climate re-
constructions suggest that the maximum temperature during the
early LIG (before 126 ka BP) was about 2e5 C higher than the pre-
industrial in the mid- and high latitudes of the NH (CAPE Last
Interglacial Project Members, 2006; Turney and Jones, 2010;
McKay et al., 2011; Sanchez-Goni et al., 2012). Ensembles of climate
models simulations underestimated the magnitude of this warm-
ing by several degrees (Braconnot et al., 2012; Masson-Delmotte
et al., 2013; Lunt et al., 2013; Otto-Bliesner et al., 2013). In their
simulations, the full magnitude of the reconstructed NH annual
warming is only reached in summer (Lunt et al., 2013; IPCC, 2013;
Otto-Bliesner et al., 2013). In addition, the mismatches point of
model-data comparisons also calls for further study of the sensi-
tivity of the simulations to uncertainties in the specified boundary
conditions, although the lig127 k model ensemble in PMIP4 in-
dicates good agreement with data reconstructions for summer
temperature anomalies over Canada, Scandinavia, and the North
Atlantic (Otto-Bliesner et al., 2019).
One potential reason for these discrepancies is the prescribed
pre-industrial vegetation in these LIG simulations, which excluded
dynamical vegetation impacts on climate. Dynamical vegetation
interacts with the atmosphere at both regional and global scales
through changes in albedo and soil moisture (biogeophysical
feedbacks) and changes in carbon and other nutrient cycles
(biogeochemical feedbacks; Claussen, 2009). Positive vegetation-
albedo feedbacks were suggested by a few LIG simulation studies
including dynamical vegetation (Calov et al., 2005; Crucifix and
Loutre, 2002; Fischer et al., 2010; Gr€oger et al., 2007; Petoukhov
et al., 2000; Schurgers et al., 2006, 2007). For example, a vege-
tated Sahara during the early LIG can cause as much as 20% local
surface albedo changes and more than 10% increase in global latent
heat loss when compared to pre-industrial desert (Schurgers et al.,
2007). Moreover, due to the positive vegetation feedback during
the early LIG, precipitation is increasing up to a doubling in a
vegetated Sahara state compared to a prescribed desertic Sahara
(Gr€oger et al., 2007). However, these vegetation feedbacks are not
included in PMIP3. Thus, a complete estimation of impacts of
vegetation feedbacks on the LIG climate allows us to explain the
model-data discrepancies in terms of dynamic vegetation and en-
hances the robustness of the LIG simulations in the ongoing new
phase of PMIP (PMIP4; Otto-Bliesner et al., 2017).
The Sahara, the largest tropical desert, was much greener and
moister than today during the LIG (Rohling et al., 2002; Osborne
et al., 2008; Fleitmann et al., 2011) and the early-to-mid-
Holocene (Jolly et al., 1998; Hoelzmann et al., 1998; Prentice et al.,
2000). During the LIG, the changing of moist and green North Af-
rica to desert is suggested have influence on dispersal of early
humans through expansions and contractions of well-water2
corridors (Kutzbach et al., 2020). In the Holocene, this phase of a
green and moist Sahara is referred to as the African Humid Period
(AHP). During the AHP, high precipitation related to strong summer
monsoons promoted grass expansion in northern Africa, inducing a
lower surface albedo and higher evaporation compared to desert
(Hoelzmann et al., 1998). Around 5 ka BP, the orbitally-forced
decrease in summer insolation led to the termination of this AHP,
resulting in North African desertification (Charney, 1975; Claussen
and Gayler, 1997; Claussen et al., 1999; Renssen et al., 2003; Liu
et al., 2006; Notaro et al., 2008; Timm et al., 2010). This desertifi-
cation triggered a regional increase in surface pressure suppressing
convective precipitation. A weakening of the trade winds, the
westerlies and the polar easterlies then followed the increased
surface pressure. As a final result, desertification promoted a
reduced meridional heat transport by the atmosphere from low
latitudes to the Arctic, contributing to high-latitude cooling (Davies
et al., 2015;Muschitiello et al., 2015). Theoretically, compared to the
Holocene, a similar sequence of events, only with stronger ampli-
tudes can be expected during the LIG due to the larger amplitude of
the LIG insolation changes. However, the magnitudes of these
regional vegetation feedbacks (in particular the impact of vegetated
Sahara on climate during the LIG) and long-range effects through
teleconnections have not yet been studied in detail.
In this study, we therefore designed a series of model experi-
ments to assess the evolution of vegetation during the LIG and the
magnitude of dynamical vegetation feedbacks. Our experiments
were performed using the iLOVECLIM climate model, in which one
of two vegetation models with differing complexity (VECODE and
LPJ-GUESS) were coupled separately. The use of two vegetation
models increases our insight into the model-dependency of the
simulation results. During these simulations, VECODE was syn-
chronously coupled, while LPJ-GUESS was asynchronously coupled
to iLOVECLIM. We focus on the impacts of dynamic vegetation on
the early LIG climate simulations and biogeophysical effects of
vegetated Sahara on the LIG climate on both regional and global
scales. The following questions will be addressed:
1) How abrupt is the ‘green-to-desert’ vegetation transition in the
Sahara during the LIG?
2) What is the magnitude of dynamic vegetation feedbacks during
the LIG?
3) To what extent are discrepancies between reconstructions and
simulations related to vegetation feedbacks in the Sahara?2. Methods
2.1. Model descriptions
2.1.1. The iLOVECLIM climate model
We applied the climate model iLOVECLIM version 1.0, which is
an updated version of LOVECLIM 1.2 (Goosse et al., 2010; Roche
et al., 2014). This intermediate complexity model includes the
main climatic system components, e.g., atmosphere (ECBilt), oceans
(CLIO), and vegetation (VECODE). Previously, this model has been
successfully applied to analyze climate-vegetation interactions
during the Holocene AHP (Renssen et al., 2003, 2006). In the pre-
sent study, we apply three model configurations: (1) ECBilt-CLIO
fully-coupled to the vegetation model VECODE (ECBilt-CLIO-
VECODE); (2) ECBilt-CLIO asynchronously-coupled to the vegeta-
tion model LPJ-GUESS (ECBilt-CLIO_LPJ-GUESS); and (3) ECBilt-
CLIO with prescribed pre-industrial vegetation obtained from
Land-Use Harmonization (LUH2, 2012) (ECBilt-CLIO-LUH2). The
LUH2 (Land-Use Harmonization, Phase 2) project prepared a
harmonized set of land-use scenarios that smoothly connects the
Fig. 1. Schematic illustrating the asynchronous coupling process. CLIO ¼ ocean,
ECBilt ¼ atmosphere, VECODE or LPJ-GUESS ¼ vegetation; pp ¼ monthly mean pre-
cipitation, ts ¼ monthly mean surface temperature, and cc ¼ monthly mean cloud
cover. In the initial step, monthly climate inputs from the fully coupled iLOVECLIM
model (ECBilt-CLIO-VECODE) are fed to LPJ-GUESS, which simulates vegetation dis-
tributions. Then, during the iterations, the resulting vegetation distributions are given
back to iLOVECLIM (ECBilt-CLIO-prescribed vegetation) as the prescribed vegetation
components during the next round of climate simulation.
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the format required for Earth System Models (LUH2, 2012). We
applied the land-use data from the CMIP LUH2 dataset, at 850 AD.
ECBilt is a three-level quasi-geostrophic atmospheric model at T21
resolution (Opsteegh et al., 1998). It provides the climate input for a
vegetation component (VECODE, LPJ-GUESS), consisting of annual
mean temperature, precipitation and GDD0 (growing degree days
above 0 C) for VECODE and monthly mean temperature, precipi-
tation and cloud cover for LPJ-GUESS at the nominal T21 resolution.
CLIO consists of a three-dimensional, free-surface ocean general
circulation model coupled to a dynamic-thermodynamic sea-ice
model (Goosse et al., 2010). This oceanic component has a hori-
zontal resolution of 3 latitude by 3 longitude, and 20 unevenly
spaced vertical layers in the ocean.
The difference among these three model configurations is their
vegetation component and thereby the surface albedo and soil
moisture. In the fully-coupled version, VECODE calculates covers of
two Plant Functional Types (PFTs, grasses and trees), and bare soil
as a dummy type, at an annual time step (Brovkin et al., 1997).
VECODE calculates dynamic vegetation depending on bioclimatic
constraints from ECBilt with the same spatial resolution. Soil hy-
drology is computed in a simple bucket model (LBM) embedded in
ECBilt, in which the maximum water volume of the bucket is a
function of vegetation cover. Likewise, soil hydrology is also relies
on the LBM in the asynchronously-coupled version, although there
is a full hydrology model in LPJ-GUESS since the water exchanges in
LPJ-GUESS are only connected to the precipitation input provided
by ECBilt but not used in the asynchronous coupling of ECBilt-CLIO
to LPJ-GUESS. In the fully- and asynchronously-coupled versions of
iLOVECLIM (ECBilt-CLIO-VECODE and ECBilt-CLIO_LPJ-GUESS),
surface albedo is calculated in ECBilt based on dynamical vegeta-
tion cover in either VECODE or LPJ-GUESS. In contrast, in the
version with prescribed vegetation (ECBilt-CLIO-LUH2), the land
surface albedo is spatially varying, but is seasonally fixed in time at
a constant value. Similar to both the fully- and asynchronously-
coupled versions, soil hydrology in the version (ECBilt-CLIO-
LUH2) is also decided in the simple bucket model in ECBilt, and the
size of the bucket is fixed as a function of the prescribed pre-
industrial vegetation cover.
2.1.2. The LPJ-GUESS vegetation model
LPJ-GUESS (V3.1) is a process-based dynamical vegetation
model (Smith et al., 2001, 2014). The model employs biophysical
and physiological process parameterizations identical to the equi-
librium model BIOME3 (Haxeltine and Prentice, 1996). Vegetation
dynamics in the model result from growth and competitions for
light, space and soil resources among 11 plant functional types
(PFTs) in each of several patches (15 patches in this study) for each
simulated grid cell. A patch represents the vegetation distribution
as a result of vegetation stands succession, corresponding to the
maximum influencing area of one large full-grown individual (trees
in most cases) on its neighbors. Physiological processes are simu-
lated with a daily time step. The net primary production (NPP) is
accrued at the end of a simulation year (Smith et al., 2001),
resulting in changes in height, diameter and biomass growth of
each PFT.
LPJ-GUESS requires monthly temperature, precipitation, cloud
cover and CO2 concentration as input. Since cloud cover is pre-
scribed in iLOVECLIM, the transient climatic forcing of LPJ-GUESS
only consists of varying temperature and precipitation. In this
study, the model is asynchronously coupled to iLOVECLIM. In this
asynchronous coupling procedure (Fig. 1), monthly climate inputs
from the fully coupled iLOVECLIMmodel (ECBilt-CLIO-VECODE) are
in an initial step fed to LPJ-GUESS, which simulates vegetation
distributions. Then, the resulting vegetation distributions are given3
back to ECBilt, as a fixed vegetation component in iLOVECLIM
(ECBilt-CLIO_LPJ-GUESS) during the next round of climate simula-
tion. A new climatology from this integration is simulated and,
subsequently, used off-line as climate forcing by LPJ-GUESS to
produce a new global vegetation distribution that is subsequently
used as a boundary conditions by iLOVECLIM, and so on. This
sequence of simulating vegetation from climatological forcing,
integrating the vegetation change into the climate model and
computing vegetation distributions from it is referred to as an
‘iteration’. Several iterations are performed until the vegetation
distributions and climate states of successive iterations do not
reveal any significant trend. Previously, the frequency of this type of
iterationwas tested with the climate model ECHAM and the BIOME
vegetation model by Claussen (1994). He suggested that there is no
significant difference between vegetation and climate patterns
with an iteration frequency of five or ten years. In his study, most
vegetation changes occur at the first iteration in the pre-industrial
experiments, but it takes 3 iterations for the combined climate
model to approach a new equilibrium state after a strong pertur-
bation. Shortly thereafter, Claussen (1997) successfully applied this
asynchronous coupling approach (four iterations with a frequency
of five years) to analyze vegetation feedback in the African and
Indian monsoon region. As reported in the supplementary infor-
mation, we have also tested the suitability of these frequencies in
our study. A frequency of 10 years is chosen, and four iterations are
performed for the asynchronous couplings with this frequency. We
treated vegetation results from the last iteration as vegetation re-
sponses to climate during the LIG and analyze vegetation feedbacks
to climate. Our tests show that, using this asynchronous coupling,
the climate is able to adjust to the vegetation computed by LPJ-
GUESS.2.2. Experimental design
We performed three types of experiments (Table 1): 1, experi-
ments with fixed pre-industrial forcings, 2, experiments with
transient last interglacial forcings and 3, sensitivity experiments.
For type 1, three experiments are performed with iLOVECLIM with
fixed pre-industrial vegetation, namely obtained from fully coupled
VECODE (PI_VEC), asynchronously coupled LPJ-GUESS (PI_LPJ),
and observations by LUH2 (2012) (PI_FIX). The goal of these type 1
experiments is to provide pre-industrial references for the LIG
Table 1
Overview of the experiments.
PI_VEC Pre-industrial run with dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
PI_FIX Pre-industrial run with fixed vegetation from CMIP LUH2 (ECBilt-CLIO-LUH2)
PI_LPJ Pre-industrial run with asynchronously dynamical vegetation in LPJ-GUESS (ECBilt-CLIO-LPJ-GUESS)
127K_VEC 127ka BP ctrl run with dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
LIG_VEC The LIG (127ka BP- 116ka BP) run with transient insolation forcing and dynamical vegetation in VECODE (ECBilt-CLIO-VECODE)
LIG_FIX The LIG (127ka BP- 116ka BP) run with transient insolation forcing and fixed vegetation from CMIP LUH2 (ECBilt-CLIO-LUH2)
LIG_LPJ The LIG (125ka BP- 117ka BP) run with 1ka interval insolation forcing and asynchronously dynamical vegetation in LPJ-GUESS (ECBilt-CLIO-LPJ-GUESS)
S125K_NAVEC Sensitivity run with insolation forcing in
125ka BP and fixed vegetation
The fixed vegetation is a combination of pre-industrial vegetation from CMIP LUH2 and
125ka BP North African vegetation (15e30N, 10W-35E) from:
51% grass
cover þ 14% tree
cover
S125K_NALPJ 75% grass cover
S125K_NAGRASS 100% grass cover
S125K_NAPI The fixed vegetation is from: 0%
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simulations are performed, either with fully coupled dynamical
vegetation using VECODE (LIG_VEC) or with fixed pre-industrial
vegetation from CMIP LUH2 (LIG_FIX). These two LIG simulations
start from the same equilibrium experiment 127 K_VEC. In addition
to these two long runs, LIG simulations (LIG_LPJ) with dynamical
vegetation are performed with LPJ-GUESS asynchronously coupled
to iLOVECLIM, covering 125 ka BP to 117 ka BP at 1 ka intervals. For
each 1 ka experiment of LIG_LPJ, LPJ-GUESS is forced by initial
climate forcing from LIG_VEC, and then the asynchronous coupling
(Section 2.1.2) starts with vegetation from LPJ-GUESS. Besides type
1 and 2 experiments, four sensitivity experiments (type 3) are
performed, all with identical insolation forcing at 125 ka BP, but
with different fixed vegetation conditions. The goal of these
sensitivity experiments is to investigate the regional and global
impacts of the early LIG North African vegetation feedbacks on
climate simulations. The fixed vegetation conditions are combina-
tions of prescribed North African vegetation (15e30N,10W-35E)Fig. 2. Forcing of the LIG climate simulations over the period 127e116 ka BP. Greenhouse g
php/data:gases#schilt_et_al_n20_data), which is based on the ice-core data of Bereiter et al
lines) and N2O (blue lines), respectively, in the upper part of the figure. In the lower part of t
(Berger, 1978). The corresponding pre-industrial values are given by the dashed lines. (For in
Web version of this article.)
4
and pre-industrial vegetation in other regions. The pre-industrial
vegetation is from the LUH2 dataset (LUH2, 2012). The four pre-
scribed North African vegetation cover are from S125K_NAVEC,
S125K_NALPJ, S125K_NAGRASS, and S125K_NAPI, respectively.
The transient forcings (Fig. 2) for the last interglacial experi-
ments (type 2) include the amount of insolation received by the
Earth and greenhouse gases (GHG) concentrations. These forcings
are identical to the PMIP4 protocol (Otto-Bliesner et al., 2017,
PMIP4, 2017). Changes in insolation received by the Earth are
calculated in iLOVECLIM during transient simulations according to
Berger (1978). From 127 ka BP to about 119 ka BP, the NH received
more insolation during boreal summer and less insolation during
boreal fall and winter compared to preindustrial values. The GHG
forcings for both transient experiments follow the PMIP4 protocol
(PMIP, 2017) and are based on ice-core data from EPICA Dome C
(Bereiter et al., 2015; Schneider et al., 2013) for CO2, EPICA Dome C
and EPICA Dronning Maud Land (Loulerge et al., 2008; Schilt et al.,
2010a) for CH4, as well as from EPICA Dome C and Talos Domeas concentrations are according to the PMIP4 protocol (https://pmip4.lsce.ipsl.fr/doku.
. (2015), Loulergue et al. (2008) and Schilt et al. (2010) for CO2 (green lines), CH4 (pink
he figure, the January (brown lines) and July (yellow lines) insolation for 20N are given
terpretation of the references to color in this figure legend, the reader is referred to the
Fig. 3. Simulated surface temperature anomalies, LIG (125 ka BP) minus pre-industrial. a) LIG_FIX, b) LIG_VEC; c) LIG_LPJ and d) Ensemble mean of Lunt et al. (2013).
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these data in order to get annual values for transient simulations. In
contrast, the GHG levels are 100-year mean values of the linear
interpolation for asynchronous coupled simulations, e.g., mean
values from 124.95 ka BP to 125.05 ka BP for the simulation LIG_LPJ
in 125 ka BP. For four sensitivity experiments (type 3), identical 125
ka BP orbital and GHG forcings (Fig. 2) are applied. The prescribed
pre-industrial vegetation distribution is derived from LUH2 (2012),
and represents conditions taken at 850 AD.
3. Results and discussions
3.1. Global temperature trends and vegetation effects
Compared to pre-industrial conditions, the simulated early LIG
(125 ka BP) in LIG_FIX suggests maximum annual warming at high
latitudes and little temperature changes in the tropics except for
the Indian and African monsoon regions where temperatures are
lower (Fig. 3a). Thesemain features are in good agreement with the
simulatedmulti-model mean (Fig. 3d) reported by Lunt et al. (2013)
and IPCC (2013) in which vegetation is also fixed at a pre-industrial
level. As expected, similar to Lunt et al. (2013), our simulation
LIG_FIX underestimates the proxy-based evidence (Turney and
Jones, 2010; McKay et al., 2011) for warming of the far northern
coastal regions of Alaska (simulated 0e1 C versus data 5.5e6 C)
and Siberia (simulated 0e1 C versus data 7.1e14.8 C). In contrast,
simulation LIG_VEC (Fig. 3b) and LIG_LPJ (Fig. 3c) suggest slightly
better agreements with proxy data than LIG_FIX, with 1e2 C
warming in coastal regions of Alaska and Siberia, respectively. In
addition, the strongwarming over Northern Hemisphere in LIG_FIX
is consistent with the CMIP6-PMIP4 lig127 k simulations (Otto-
Bliesner et al., 2019). Besides the high-latitude regions, simulation
LIG_VEC and LIG_LPJ also suggest a 0e1 C warming in the tropics
(30S-30N), in particular in North Africa (with a maximum of
warming by about 3 C). This tropical warming agrees with the5
0.3 C warming suggested by proxy data (Turney and Jones, 2010;
McKay et al., 2011).
The stronger temperature response in LIG_VEC and LIG_LPJ
compared to LIG_FIX highlights the importance of vegetation im-
pacts on the high latitudes and tropical regions, where the 125 ka
BP vegetation is significantly different in these two sets of simu-
lations. In most boreal regions, trees extend further north and tree
cover is higher by up to 50% at 125 ka BP compared to pre-industrial
conditions (Fig. 4b and c). The higher tree cover indicates a lower
surface albedo compared to snow-covered tundra in these regions,
leading to an increase in absorded shortwave radiation, resulting in
a positive surface temperature anomaly (>2.5 C) simulated in
LIG_VEC and LIG_LPJ. Likewise, in North Africa where the vegeta-
tion cover in LIG_VEC and LIG_LPJ is larger than LIG_FIX, positive
surface temperature anomalies (~1.5 C) are shown in both simu-
lations, notably in the northwestern part of this region (Fig. 3b and
c). At 125 ka BP, the total precipitation in North Africa is about
60 cm/yr and 58 cm/yr in LIG_VEC and LIG_LPJ, respectively. These
amounts of precipitation are more than double those from LIG_FIX
(about 28 cm/yr at 125 ka BP). This magnitude of vegetation feed-
back to precipitation in North Africa lies in the same range as
simulated by Gr€oger et al. (2007) and Schurgers et al. (2006), who
simulated amplifications by a factor 2 and 3, respectively.
Following Bakker et al. (2014), we quantified the linear annual
mean temperature trends (AMTT) per latitude, over an interval
from 123 ka BP to 116.2 ka BP. In our LIG transient simulations
(LIG_FIX and LIG_VEC), the AMTTs show distinct latitudinal de-
pendencies (Fig. 5a), in particular in LIG_FIX, with a strong negative
trend at high-latitudes, a less negative trend at mid-latitudes, and a
slight positive trend at low-latitudes. Compared to AMTT in LIG_-
FIX, LIG_VEC suggests a better agreement with reconstructions. The
AMTTs in LIG_FIX are 0.9 C/ka at northern high latitudes. In
contrast, the AMTTs at southern high latitudes and at latitudes
between 10N and 40N indicate insignificantly negative and pos-
itive trends in LIG_FIX, respectively. These simulated AMTTs in
Fig. 4. Vegetation (tree and total) cover under pre-industrial condition in LIG_FIX (a) and 125 ka BP vegetation anomalies simulated by VECODE (b), as indicated by the LIG_VEC
minus LIG_FIX anomaly, and by LPJ-GUESS(c), as indicated by the LIG_LPJ minus LIG_FIX anomaly.
Fig. 5. Latitudinal LIG annual mean temperature trends (AMTT, a) in model and data (Bakker et al., 2014). The blue and orange lines are 50 years mean latitudinal LIG AMTT from
LIG_FIX and LIG_VEC, respectively. The grey shading represents the maximum and minimum trends among multi-model simulations (Bakker et al., 2014). The red and green dots are
AMTT based on the Greenland and Antarctic ice-cores and alkenone. The cyan line shows both proxies based AMTT fit, indicating the general latitudinal trends. The right panel (b)
indicates vegetation trends anomaly compared to fixed pre-industrial level (total vegetation cover changes from 123 ka BP to 116.2 ka BP) in LIG_VEC. The light blue bands indicate
the latitudes where experience strong vegetation changes during the specific period. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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et al. (2014). In their study, the multi-model simulations include
seven models in which pre-industrial vegetation is prescribed and
two models in which dynamical vegetation modules (CLIMBER-2
and MPI-UW) are included. Interestingly, although these two
models simulate rather different July temperatures at northern
high latitudes and tropics compared to the other seven LIG simu-
lations (Bakker et al., 2013; Schurgers et al., 2007), the AMTTs in the
two models do not lie outside the range of the other simulations in
these specific regions. In contrast, the AMTT in LIG_VEC is not only
stronger than the AMTT in LIG_FIX at all latitudes, but also lies
outside the range of AMTTs in Bakker et al. (2014) at high latitudes
(Fig. 5a). LIG_VEC indicates stronger AMTTs by 0.4 C/ka
and 0.2 C/ka compared to LIG-FIX at northern and southern high
latitudes, respectively. In addition, a stronger negative AMTT
of 0.1 C/ka is shown in LIG_VEC at latitudes between 10N and
40N. These stronger AMTTs in LIG_VEC are positively correlated to
the total vegetation cover trends (Fig. 5b), implying positive6
vegetation impacts on temperature at a global scale. Even so, the
AMTT in LIG_VEC is still smaller than the reconstructed value:
Greenland (1.5 C/ka), the northern mid-latitudes (0.5 C/ka),
low-latitudes (0.2 C/ka) and the southern mid-to high-latitudes
(0.3 C/ka).
3.2. Vegetation evolution and its local effects in the Sahara
During the LIG, the Sahara is the region with strongest changes
in vegetation, with a reduction of total vegetation cover from more
than 70% at 125 ka BP to only about 10% at 117 ka BP in both
LIG_VEC and LIG_LPJ (Fig. 6aec). Based on the vegetation change
rates (Fig. 6def), we describe the local effects of these vegetation
changes on climate in three phases. They are the green Sahara
phase in the early LIG, the termination phase of the LIG AHP and the
last phase of the LIG. We defined the impacts of the vegetation
feedbacks by calculating the differences in climate features (such as
temperature, precipitation) between LIG_VEC/LIG_LPJ and LIG_FIX,
Fig. 6. Vegetation covers (tree (a), grass (b) and desert (c)) evolution and their changing rates (tree (d), grass (e) and desert (f) from 127 ka BP to 116 ka BP over Sahara. The red line
indicates LIG_FIX values; the blue line indicates LIG_VEC results; and the green circles indicate LIG_LPJ results. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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3.2.1. Early LIG (green Sahara)
During the early LIG (from 127 ka BP to about 123 ka BP),
vegetation is dominated by grass and total vegetation cover stabi-
lizes at a relatively high level (about 70%) in both LIG_VEC and
LIG_LPJ (Fig. 6aec). In this phase, the orbitally-forced insolation
(Fig. 2) remains at a relative high level (around 500 W/m2 at 20N
in July), heating the land surface in summer and thereby enhancing
the atmospheric monsoonal moisture transport. Without dynam-
ical vegetation (LIG_FIX), about 26 cm/yr precipitation is simulated
during this phase over the Sahara. In the simulations with
dynamical vegetation (LIG_VEC and LIG_LPJ), the precipitation
values for the Sahara are about twice as high (~60 cm/yr, Fig. 7a) as
those in LIG_FIX, the mean surface temperature being also higher
(31.5 C in LIG_VEC and LIG_LPJ vs. 29.0 C in LIG_FIX, Fig. 7b). In
LIG_VEC and LIG_LPJ, the vegetation cover is enhanced by these
relatively large amounts of precipitation and high surface temper-
atures. The high vegetation cover modelled in LIG_VEC and LIG_LPJ
are in agreement with reconstructed dominant vegetation of
wooded grassland by Larrasoana et al. (2013) under precipitation
ranging from 26.5 cm/yr to 125.5 cm/yr across tropical Africa.
The only difference in simulation setup between LIG_VEC/7
LIG_LPJ and LIG_FIX is the presence of a dynamical vegetation
model to which we attribute the higher amount of precipitation
and surface temperatures. Compared to the prescribed pre-
industrial vegetation (desert) in LIG_FIX (Fig. 4), the lower albedo
of grass (0.20 versus 0.33 for desert) in LIG_VEC and LIG_LPJ results
in a lower reflection of incoming shortwave radiation, an increase
in net radiation, and therefore higher surface temperature (2.5 C)
over land. Compared to LIG_FIX, the enhanced land-sea thermal
contrast and declines of the surface pressure over land is indicated
in both LIG_VEC and LIG_LPJ (Fig. 3), thereby leading to increased
moisture transport from the tropical oceans into North Africa and
more precipitation (Charney, 1975; Eltahir, 1996; Eltahir and Gong,
1996; Braconnot et al., 1999; Schurgers et al., 2006). Besides these
two vegetation effects on climate (higher temperature and pre-
cipitation), vegetation further enhances precipitation by promoting
the local soil moisture content (Fig. 7c) and thereby evaporation
(Fig. 7d), thus enhancing the local hydrological circulation. There-
fore, the vegetation feedback on precipitation peaks in this green
Sahara phase, corresponding to the largest contrast in vegetation
(grass vs. desert) compared to LIG_FIX (Figs. 6 and 8). Similar
magnitudes of feedback to precipitation were suggested by previ-
ous studies (Gr€oger et al., 2007; Schurgers et al., 2007), although
the vegetation feedbacks were investigated for slightly different
Fig. 7. Time series (127 ka BP - 116 ka BP) of (a) precipitation, (b) temperature, (c) soil moisture, (d) surface evaporation and (e) values of evaporation minus precipitation over the
Sahara; the blue and red lines indicate LIG_VEC and LIG_FIX results, respectively; the green circles with error bar indicate results of LIG_LPJ. The grey shading represents climate
changes related to vegetation feedback. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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North African vegetation feedbacks to precipitation by a factor of
2e3 for the early LIG compared to the fixed pre-industrial LIG
simulations.
3.2.2. Desertification during the LIG
Starting from 123 ka BP, vegetation cover (Fig. 6aec) decreases
largely in both LIG_VEC and LIG_LPJ, in combination with large
declines in precipitation (Fig. 7a) and surface temperature (Fig. 7b).
The rates of grass cover decrease (18%/ka and 14%/ka) peak at
122 ka BP in both LIG_VEC and LIG_LPJ, while desert expands at rate
of 25%/ka and 15%/ka, respectively (Fig. 6def). Moreover, the rates
of vegetation changes in both LIG_VEC and LIG_LPJ are faster than
the declines of summer insolation at 20N, whose decline peaks by
about 3.5% at around 120 ka BP. Total vegetation cover in LIG_VEC
reaches a relatively low level at around 121 ka BP, which is earlier
than in LIG_LPJ (around 119 ka BP). This difference in the timing of
the desertification between LIG_VEC and LIG_LPJ could be a result
of differences in model complexity. In the relatively complex LPJ-
GUESS model, more gradual vegetation responses can be ex-
pected when more plant types interact with climate (Claussen
et al., 2013; Hely et al., 2014; Li et al., 2019).
Corresponding to simulated vegetation changes in this phase,
feedbacks to precipitation and soil moisture (Fig. 8a and c) expe-
rience a rapid reduction from 123 ka BP to 121 ka BP and becomes8
rather close to the LIG_FIX level at 119 ka BP. The impacts of these
vegetation feedbacks are calculated based on climate anomalies
between simulations LIG_VEC/LIG_LPJ and LIG_FIX (Fig. 8), and
hereafter we refer to these impacts as “vegetation feedbacks”. In
LIG_VEC, the vegetation feedback to precipitation (Fig. 8a) declines
by 21 cm/yr from 123 ka BP to 121 ka BP, but with only <1 cm/yr
after 121 ka BP. In LIG_LPJ, this feedback (Fig. 8a) also declines
rapidly from 123 ka BP to 121 ka BP by 15 cm/yr, followed by a
slower decline from 8 cm/yr to <1 cm/yr from 121 ka BP to 119 ka
BP. In both LIG_VEC and LIG_LPJ, the feedbacks to precipitation and
temperature (Fig. 8a and b) decline almost in phasewith vegetation
changes (Fig. 6b) and their declined rates peak at the period be-
tween 123 ka BP and 121 ka BP. The faster declines in vegetation
feedbacks to precipitation (Fig. 9) than the early LIG are consistent
with Gr€oger et al. (2007) and Schurgers et al. (2007). The feedback
in LIG_LPJ is more close to their results than LIG_VEC, of which the
magnitude declines more gradually from 123 ka BP to 119 ka BP.
Due to the exchanges between latent and sensible heats and the
spatial heterogeneity of temperature changes, there are slight in-
creases in mean surface temperature in North Africa in LIG_FIX. The
temperature feedback in LIG_LPJ keeps reducing gradually from
2.8 C to 2.0 C from 123 ka BP to 119 ka BP, while it drops from
2.5 C to 0Cand becomes slightly negative after 121 ka BP in
LIG_VEC (Fig. 8b). Compared to the early LIG, the summer insolation
(Fig. 8) also declines faster from 497 W/m2 to 457 W/m2 from 123
Fig. 8. Time series (127 ka BP - 116 ka BP) of biogeophysical vegetation feedbacks to (a) precipitation, (b) temperature, (c) soil moisture, (d) surface evaporation and (e) values of
evaporation minus precipitation over the Sahara; the blue and green lines indicate feedbacks from LIG_VEC and LIG_FIX, respectively; the red lines indicate the main climate forcing
(July insolation at 20N). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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BP and 119 ka BP. This decline in July insolation at 20N dominates
the fast reduction in vegetation cover at the beginning of the
termination from 123 ka BP onwards, accelerating the AHP termi-
nation. Around this point, the magnitude of the positive vegetation
feedbacks cannot offset the deficit due to decreased summer
insolation.3.2.3. Last phase of LIG (desert)
The vegetation cover (Fig. 6aec) gradually decreases and rea-
ches 0% in LIG_VEC after 121 ka BP, which is earlier than in LIG_LPJ.
In contrast, vegetation cover decreases gradually from 25% to 12% in
LIG_LPJ after the desertification at around 119 ka BP. The around
10% vegetation cover in LIG_LPJ and deserted Sahara in LIG_VEC are
results of low precipitation in this region, which is consistent with
reconstructions that is the <10% vegetation cover under precipi-
tation between 10 cm/yr and 26.5 cm/yr (Larrasoana et al., 2013).
In the last phase of LIG, the magnitude of feedbacks (Fig. 8) is
weaker than during earlier phases due to the lower vegetation
cover, particularly in LIG_VEC. Less than 1 cm/yr precipitation
anomaly (Fig. 8a) between LIG_VEC and LIG_FIX indicates the weak
feedback to precipitation, while the precipitation anomaly in
LIG_LPJ sees a gradual decline from 9 cm/yr at 121 ka BP to 2 cm/yr
at 117 ka BP, corresponding to its vegetation cover. Similarly, a weak
positive feedback to temperature (0.5 C) remains in LIG_LPJ
(Fig. 8b), which is a result of its slightly higher vegetation cover
compared to LIG_FIX. However, the feedback to temperature in
LIG_VEC (Fig. 8b) turns negative and reaches 0.8 C, which could9
be related to the spatial heterogeneity of the dynamical vegetation
which is different from the fixed pre-industrial vegetation.3.3. The global impacts of vegetation changes in Sahara
The vegetated Sahara in the early LIG, as an important anomaly
of global vegetation compared to pre-industrial vegetation,
strengthens the warming at high latitudes through changes in the
atmospheric circulation. The magnitudes of these teleconnected
effects depend on the prescribed vegetation cover in sensitivity
experiments (Table 1). Compared to the northern high latitudinal
(>60N) surface temperature in S125K_NAPI, awarming of 1.25 C is
shown in S125K_NAGRASS (Fig. 10c), which includes 100% grass
cover in the Sahara. Weaker warming effects by about 1.0 C
(Fig. 10a, d) and 0.75 C (Fig. 10b and e) are suggested in
S125K_NAVEC and S125K_NALPJ, respectively. The total vegetation
cover in the Sahara is higher in S125K_NALPJ (about 75%) than in
S125K_NAVEC (about 65%). The stronger warming effect of vegeta-
tion feedback in S125K_NAVEC than in S125K_NALPJ is related to the
relatively higher tree cover in S125K_NAVEC (Fig. 6), which has a
lower albedo than grass (0.13 vs. 0.20). These results suggest that
the contribution of Sahara vegetation feedbacks to high latitudinal
temperature is positively related to Sahara vegetation cover, and
explains about 30% of the simulated warming at high latitudes
during the early LIG when taking into account global vegetation
feedbacks (Fig. 10d and e).
Overall, these vegetated Sahara states in S125K_NAGRASS,
S125K_NAVEC and S125K_NALPJ leads to a lower surface albedo than
Fig. 9. Vegetation feedbacks to precipitation in North Africa during the LIG from different studies. (15e30N, 10W-35E). The blue and green lines indicate feedbacks from LIG_VEC
and LIG_FIX, respectively. The black box below shows the study area in both simulations. The pink line indicates results from Schurgers et al. (2007), and the orange line indicates
results from Gr€oger et al. (2007). The boxes below indicate their study region, and the color is in line with the line plots. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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temperature, thereby causing a decline in surface pressure.
Compared with S125K_NAPI in 125 ka BP, the higher surface tem-
perature in North Sahara and northern high latitudes and lower
surface temperature in mid-latitudes in experiments with vege-
tated Sahara are similar to temperature patterns in 6 ka BP in Davies
et al. (2015) and Muschitiello et al. (2015). As discussed by Davies
et al. (2015) and Muschitiello et al. (2015) for the Holocene AHP,
this decreased surface pressure then perturbs the extratropical
atmospheric circulation. The perturbations enhance mid-latitude
westerlies as a result of increased latitudinal temperature and
pressure gradients, which then increase the amount of heat
transported from tropical regions to the Arctic. These similar results
for the LIG and the Holocene (e.g., Davies et al., 2015; Muschitiello
et al., 2015), highlight the profound effects of North African vege-
tation changes on climate at global scale.
3.4. The uncertainties and outlook
The simplicity of the atmospheric component used impose
several limitations. Indeed, ECBilt is based on a formulation of the
quasi-geostrophic potential vorticity, and the ageostrophic terms
are included as diagnostics based on the vertical velocity and the
horizontal divergence (Opsteegh et al., 1998; Goosse et al., 2010).
The simulation of the Hadley circulation is considerably improved
but is still relatively poor compared to the mid- and high-latitudes
when comparing with observations (Goosse et al., 2010). Moreover,
a multi-model last interglacial study (Bakker and Renssen, 2014)
suggests that EMICs often overestimate the maximum temperature
at all latitudes compared to GCMs. We therefore recommend that10the impacts of tropical vegetation cover changes on atmospheric
circulations are further studied by involving fully coupled
AOVGCMs and by repeating the simulations with a multi-model
ensemble.
A secondmajor source of uncertainty is related to the vegetation
simulation which provides ECBilt with the land surface parameters
(surface albedo and vegetation covers), resulting in vegetation
feedbacks to climate. In our study, these land surface parameters
are based on results from two vegetation models and are passed
back to ECBilt through full- or asynchronous-coupling. VECODE,
fully coupled to ECBilt, suggests dramatic North African vegetation
change from 127 ka BP to 116 ka BP, leading to abrupt transition
from green Sahara to desert. In contrast, LPJ-GUESS, asynchro-
nously coupled to ECBilt, suggests a relatively gradual transition
compared to fully coupled VECODE. One reason for this difference
could be their difference in complexity. VECODE shows a more
linear treatment of vegetation (i.e., either forest or desert combines
with grass) compared to the more mixed PFTs compositions in LPJ-
GUESS (Li et al., 2019). VECODE may therefore exaggerate vegeta-
tion responses to climate and thereby overemphasize impacts of
vegetation on climate.
The more gradual vegetation responses to the LIG climate
change in LPJ-GUESS compared to VECODE are consistent with an
explanation that rather gradual vegetation responses to climate
changes are simulated when all plant types interact with climate
(Claussen et al., 2013; Hely et al., 2014). Due to the simple vegeta-
tion diversity in VECODE, the vegetation responses simulated in
VECODEwould represent the possible strongest vegetation changes
during the LIG, and therefore indicate the possible largest vegeta-
tion feedbacks to climate. In contrast, the vegetation responses and
Fig. 10. 125 ka BP North African vegetation feedbacks on global surface temperature (ts) (the left side) and their latitudinal contributions compared to global vegetation feedbacks
(the right side). On the left side, they are North Africa vegetation feedbacks in (a) S125K_NAVEC, (b) S125K_NALPJ and (c) S125K_NAGRASS; on the right side, they are contributions of
North Africa vegetation feedbacks to latitudinal temperature in (d) S125K_NAVEC and (e) S125K_NALPJ compared to global vegetation feedbacks. In (d), the blue dot-line indicates 125
ka BP global vegetation feedbacks in LIG_VEC to latitudinal temperature; the blue and orange diamond-line indicates 125 ka BP North Africa vegetation feedbacks to latitudinal
temperature in S125K_NAVEC and S125K_NAGRASS, respectively; likewise, in (e), the green dot-line indicates 125 ka BP global vegetation feedbacks in LIG_LPJ to latitudinal tem-
perature; the green and orange diamond-line indicates 125 ka BP North Africa vegetation feedbacks to latitudinal temperature in S125K_NALPJ and S125K_NAGRASS, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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strongest andweakest values. In order to investigate themagnitude
of vegetation feedbacks to climate during the LIG, we need to un-
derstand the range of vegetation responses and therefore call for
more vegetation simulations with DGVMs of different complexities.
Another reason of the difference could be related to the asyn-
chronous coupling of LPJ-GUESS to ECBilt. LPJ-GUESS simulates
dynamical vegetation responding to climate changes, but in this
asynchronous coupling process, the simulated vegetation is aver-
aged every 10 years and passed back to ECBilt as static land surface
parameters. Hence, the transition from green Sahara to desert is
easily smoothed, and the feedback is thereby underestimated.
Although our LIG simulations suggest consistent vegetation evo-
lutions and positive vegetation feedbacks during the LIG with
previous studies, we prefer the full dynamical coupling of LPJ-
GUESS to ECBilt in the future to enhance the robustness in
climate-vegetation interaction simulations. More simulations with
vegetation in fully coupled climate models would help to narrow
down the range of vegetation responses and feedbacks during the
LIG.114. Conclusions
In this study, we simulate the LIG climate and vegetation
changes to investigate our three scientific questions using the
climate model iLOVECLIM in which the vegetation component is
either the fully coupled VECODE model or the asynchronously
coupled LPJ-GUESSmodel. We address three scientific questions: 1)
How abrupt is the ‘green-to-desert’ vegetation transition in the
Sahara during the LIG? 2) Towhat extent are discrepancies between
reconstructions and simulations related to vegetation feedbacks in
the Sahara? 3) And what is the magnitude of dynamic vegetation
feedbacks during the LIG? We conclude the following:
1) We simulate a relatively high vegetation cover (>70%) in the
Sahara during the early LIGwhen the summer insolation at 20N
is relative high; followed by a desertification phase after 123 ka
BP. The rates of desert expansion in the Sahara peak at 122 ka BP
in both LIG_VEC (25%/ka) and LIG_LPJ (15%/ka), responding to
the fast decline in 20N July insolation, but the desertification in
LIG_VEC (from 123 ka BP to 121 ka BP) is faster than in LIG_LPJ
(from 123 ka BP to about 119 ka BP). This AHP termination is
H. Li, H. Renssen and D.M. Roche Quaternary Science Reviews 249 (2020) 106609accelerated when the magnitude of positive vegetation feed-
backs on precipitation cannot offset the moisture deficit due to
decreased summer insolation.
2) The simulated early LIG (125 ka BP) with fixed preindustrial
vegetation (LIG_FIX) is consistent in its main features with
multi-model simulations performed by others, and un-
derestimates the proxy-based temperatures. Dynamically
including LIG vegetation in simulations provides much better
agreement with the temperature proxies than LIG_FIX, in
particular in the high latitudes and the tropics. In boreal regions,
trees extend further north and tree covers are up to 50% higher
in 125 ka BP relative to pre-industrial conditions, resulting in a
positive surface temperature anomaly (>2.5 C) compared to
pre-industrial. Likewise, in North Africa, positive surface tem-
perature anomalies (~1.5 C) are found. The stronger annual
mean temperature trend during the LIG in simulations with
dynamical vegetation at all latitudes indicates a warming effect
of vegetation at a global scale, but they still underestimate the
change in temperature compared to reconstructions.
3) At a local scale, the magnitude of vegetation feedbacks to
climate peak at the early LIG and decrease during the LIG, cor-
responding to the vegetation changes. At a global scale, the
green Sahara feedback provides 30% of the total contribution of
global vegetation feedbacks to high latitudinal warming.
At a local scale, during the early LIG, the amounts of North Af-
rican precipitation in simulations (LIG_VEC and LIG_LPJ) with
dynamical vegetation (~60 cm/yr) are about twice as large as in a
simulation (LIG_FIX) with fixed pre-industrial vegetation (~30 cm/
yr), and surface temperatures are higher by about 2.5 C in LIG_VEC
and LIG_LPJ (31.5 C). From 123 ka BP, the effects of vegetation
feedbacks to climate decrease, which are in phase as vegetation
collapses in LIG_VEC and LIG_LPJ. In LIG_VEC, the feedback to
precipitation declines by 21 cm/yr from 123 ka BP to 121 ka BP, with
<1 cm/yr after 121 ka BP. In LIG_LPJ, this feedback also declines
rapidly from 123 ka BP to 121 ka BP by 15 cm/yr, following a slower
decline from 8 cm/yr to <1 cm/yr from 121 ka BP to 119 ka BP.
Likewise, the vegetation feedback to temperature keeps reducing
from 2.8 C to 2.0 C in LIG_LPJ, while it reduces from 2.5 C to 0 C
and becomes slightly negative after 121ka BP in LIG_VEC.
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